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We present a systematic study of photoluminescence (PL) spectroscopy of TiO 2 -passivated GaAs as a function of electrochemical potential in an ionic liquid solution. We observe a 7X increase in the PL intensity as the GaAs transitions from accumulation to depletion due to the applied potential. We attribute this to the excellent control over the surface Fermi level enabled by the high capacitance of the electrochemical double layer and TiO 2 . This allows us to control the surface carrier concentration and corresponding non-radiative recombination rate. In addition to photoluminescence (PL) spectroscopy, we also measured the capacitance-potential (i.e., C-V) characteristics of these samples, which indicate flat band potentials that are consistent with these regimes of ion accumulation observed in the photoluminescence measurements. We have also performed electrostatic simulations of these C-V characteristics, which provide a detailed and quantitative picture of the conduction and valence band profiles and charge distribution at the surface of the semiconductor. These simulations also enable us to determine the range of potentials over which the semiconductor surface experiences depletion, inversion, and accumulation of free carriers. Based on these simulations, we can calculate the Shockley-Read-Hall recombination rate and model the PL intensity as a function of voltage. We show that this approach allows us to explain our experimental data well. Published by AIP Publishing. https://doi.org/10.1063/1.4997483
At typical photocatalytic semiconductor-liquid interfaces, there is usually considered to be an equilibrium between the Fermi energy in the semiconductor and the redox potential of the ions in solution. This gives rise to band bending and a built-in potential at the surface of the semiconductor, which causes separation of the photoexcited electron-holes pairs, when illuminated. 1 In the photocatalysis literature, these bands are often only sketched qualitatively, even though commercially available tools for rigorous modeling are commonly used for semiconductor devices. In addition, there are electrostatic charges trapped at the surface of most semiconductors that further shift this equilibrium. As such, it is difficult (if not impossible) to predict the position of the flat band potential at a given semiconductor-liquid interface without careful calibration to experiment. Capacitancevoltage measurements (i.e., Mott-Schottky measurements) are commonly used to determine the carrier type [2] [3] [4] [5] and establish the position of the flat band potential at the semiconductor-liquid interface experimentally. 6 The flat band potential of TiO 2 -passivated InP photocathodes has been measured by Lin et al. using the Mott-Schottky method, by performing a linear fit of the 1/C 2 -V data and extrapolating the voltage axis intercept. 7 Hu et al. also used this method to acquire the values of the built-in voltage produced in n-type GaAs nanowire/CH 3 CN-FeCp 2 þ/0 junctions and planar GaAs/CH 3 CN-FeCp 2 þ/0 junctions. 8 In addition to modulating the band bending, as mentioned above, the ions in the solution can screen trap surface charges in the semiconductor, which typically gives rise to surface recombination and represents a major loss mechanism in semiconductor photocatalysis. Over the past few years, several research groups have utilized ionic liquids to passivate the surface states of semiconductors. 9, 10 This approach has been used to mitigate the effects of surface depletion 2, 11 and non-radiative surface recombination due to the dangling bonds and surface states in the semiconductor. 9 Arab et al. observed a 12-fold enhancement in the PL intensity in GaAs nanowires with no applied potential and an up to 42Â increase in the PL intensity of GaAs nanosheets with AlGaAs passivation. 9, 12 In monolayer MoS 2 , both the photocurrent and PL intensity are enhanced by a factor of two to three by ionic liquid gating. 10 In the work presented here, we measure direct evidence of the reduction of surface recombination in a photocatalytic semiconductor under applied electrochemical potentials. We correlate the onset of this PL enhancement with flat band potentials obtained by C-V Mott-Schottky measurements, which enables us to determine the range of electrochemical potentials over which the semiconductor undergoes depletion, inversion, and accumulation of free charge. Electrostatic modeling of the C-V characteristics using Technology Computer Aided Design (TCAD) Sentaurus provides a detailed picture of the band profiles and charge distributions under these applied electrochemical potentials. A detailed mechanism of this gate-induced modulation of the PL efficiency is developed, within the context of this electrostatic model. TiO 2 -passivated semiconductors have become an important new class of photocatalyst. Here, a thin layer of TiO 2 deposited by atomic layer deposition (ALD) is able to prevent photocorrosion of most known semiconductors without sacrificing photocatalytic performance. [13] [14] [15] [16] [17] [18] [19] [20] [21] This represents a major breakthrough in photocatalysis, which was previously relegated to electrochemically robust materials like metal oxides, which typically have poor carrier mobilities and lifetimes, as well as large bandgaps. For example, in the work presented here, we use commercially available GaAs with a mobility of l ¼ 250 cm 2 /VÁs, as compared to TiO 2 , which has typical carrier mobilities of l ¼ 1 cm 2 /VÁs. 22 Furthermore, the carrier concentration of the GaAs is known and is highly uniform, which enables precise modeling of the band bending at the photocatalytic interface. Here, we use p-type (111) oriented GaAs substrates with doping concentrations of 5.2-7.7 Â 10 17 cm À3 . Back ohmic contacts were made to the p-GaAs by evaporating 5 nm thick Ti followed by 50 nm of Au. Atomic layer deposition (ALD) of 5 nm TiO 2 was performed at 250 C on the p-GaAs wafers, using Tetrakis(dimethylamido) titanium(IV) (TDMAT) as the titanium source and water vapor as the oxygen source. The carrier gas during the deposition was argon with a flow rate of 90 sccm, and TDMAT is used for the second half-cycle. An insulated copper wire was attached to the back contact of the p-GaAs sample using silver paint, and the entire sample, excluding the TiO 2 -passivated surface, was encased in epoxy to insulate it from the solution. The solution is a non-aqueous ionic liquid solution consisting of 0.1 M 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM] [BF 4 ]) in acetonitrile. A three-terminal potentiostat (Gamry Reference 600) was used to maintain a potential between the TiO 2 -passivated GaAs working electrode and the Ag/AgNO 3 reference electrode. The calibration of the Ag/AgNO 3 electrode is given in the supplementary material. Under certain potentials, photoluminescence spectra were taken using a spectrometer (Renishaw inVia Raman Microscope) with a water immersion lens covered by a 13 lm thick Teflon sheet (American Durafilm) to protect it from the acetonitrile solution, as illustrated in Fig.  1 . Mott-Schottky measurements were also performed by the Gamry Reference 600 potentiostat. Figure 2 shows the photoluminescence intensity of a TiO 2 -passivated GaAs photocathode, measured using the configuration illustrated in Fig. 1 . Here, we see an increase in the photoluminescence intensity for potentials below À0.5 V vs. normal hydrogen electrode (NHE), reaching a 7-fold increase around À1.5 V vs. NHE. The 1/C 2 -V plot shown in Fig. 2(b) indicates a flat band potential of À0.5V vs. NHE. This increase in the PL intensity is caused by the accumulation of cations on the surface of the semiconductor. These cations screen the surface states in the GaAs that normally cause nonradiative recombination, thus increasing the PL intensity. The surface states in the GaAs are associated with native defects, e.g., arsenic vacancies, gallium vacancies, and antisite defects. 23 Based on the 1/C 2 vs. V curve plotted in Fig. 2(b) , we are able to determine the range of potentials over which we have inversion, depletion, and accumulation of free carriers in the semiconductor, as labeled in Fig. 2(a) .
In order to model the C-V behavior of our semiconductor surface, we performed electrostatic simulations of this device using the TCAD Sentaurus software package, which solves Poisson's equation iteratively with the electron and hole continuity equations and provides the selfconsistent charge density profile in the semiconductor. Here, we have used a p-type GaAs substrate and a 5 nm dielectric layer on top to model the device. We have included the effect of interface states on the C-V behavior by including interface traps at the semiconductordielectric (TiO 2 ) interface. The series capacitance of the TiO 2 layer plus the double layer is modeled by an effective dielectric constant of the TiO 2 layer. The voltage is applied to the back contact of the GaAs substrate, as in the experimental configuration. The simulated MottSchottky (i.e., 1/C 2 vs. V) plot is shown in Fig. 2(d) , which agrees well with the experimental data. By fitting the position and magnitude of the C-V plot, we can extract the band diagrams and charge distributions in the dark, as plotted in Fig. 3. For each of the figures [Figs.  3(a)-3(c) ], the energy scale has been set relative to the Fermi Level. As such, in each figure, the 0 eV reference point corresponds to E F. In this case, the significant difference in band diagrams between accumulation and inversion/depletion occurs because of the fundamentally 
141603-2
Hou et al. Appl. Phys. Lett. 111, 141603 (2017) different physics that occurs at the surface. In p-GaAs, during depletion and inversion, an increased concentration of negative charge at the surface causes the surface Fermi level to move away from the valence band and closer to the conduction band. During accumulation, the increased concentration of positive charge at the surface causes the surface Fermi level to move in the opposite direction as compared to depletion/inversion. The photoluminescence intensity in semiconductors can be written as the product of two terms, ðInternal Radiative EfficiencyÞ ÂðEscape ProbabilityÞ, where the escape probability is the probability that a photon emitted in the semiconductor will escape into free space and is related to the geometry of the device and the carrier generation profiles. In our case, since the carrier generation profiles and geometry are fixed across the entire measurement range, we can assume that the change in luminescence efficiency can be modeled by a change in internal radiative efficiency. Thus, by tracking the filling fraction of these traps as a function of applied voltage, we can predict the change in radiative efficiency of our GaAs semiconductor by the following model: where A is the bulk Shockley-Read-Hall (SRH) recombination parameter, B is the radiative recombination parameter, S is a fitting parameter corresponding to SRH recombination due to the surface, and n is the carrier concentration. We have shown in Fig. 2 that we can quantitatively extract the position of the surface Fermi level in the dark through a combination of experimental measurements and simulations. We use this to calculate the change in the surface recombination parameter S as a function of applied voltage under optical illumination. To carry this out, we use the full equation for SRH recombination,
where r n and r p are the electron and hole capture cross sections, v th is the thermal velocity, N t is the trap density, n and p are the electron and hole concentrations, n i is the intrinsic carrier concentration, E t is the trap energy level, and E i is the intrinsic Fermi level. We can then evaluate this equation as a function of surface Fermi level and illumination. Here, we assume a trap distribution that exponentially decays in energy starting at the valence band edge, as previously measured for GaAs surfaces, 25 and integrate the recombination rate over the entire bandgap for each condition. To evaluate the carrier concentration as a function of band bending, we use the functions
to calculate the carrier concentration, where Nc and Nv are the effective density of states in the conduction and valence bands, and Dn and Dp are the excess carrier concentrations due to optical generation, which can be calculated by multiplying the optical generation rate by the carrier lifetime. E F is the Fermi level of the system in the dark, and E Fn and E Fp are the electron and hole quasi-Fermi levels, respectively. Figure 4 (a) shows the normalized recombination rate plotted as a function of surface potential under light conditions. The details of the calculations, including the constants used, are given in the supplementary material. Here, we see that, when illuminated, the recombination rate peaks when the bands are flat (i.e., surface potential $0 V) and when the bands are bent to near inversion (i.e., surface potential $E G / e). This behavior can be understood by considering that the SRH recombination rate is dependent on the degree to which the semiconductor is out of equilibrium, quantified as np-n i 2 . Thus, when the surface is depleted, the primary source of electrons and holes will be optical generation. Since that rate is fixed by the external light source, the np product will remain fixed, and the recombination rate will remain fixed. However, when the surface is in the inversion or accumulation regions, the np product will increase, thus increasing the recombination rate. In our case, the recombination rate will increase when the electron or hole carrier concentration becomes large compared to the level set by optical generation. In order to model this behavior, we can use the optical generation rate in conjunction with the surface potential vs. NHE relation extracted from the TCAD simulation, as shown in Fig. 4(b) , to calculate the expected recombination rate as a function of applied bias under illumination. With this, we obtain the relative change in the recombination rate near the surface, which we can then use as the parameter S to calculate the relative change in the internal radiative efficiency, which we have plotted in Fig. 2(c) . Importantly, we see that this gives us good agreement with the experimental results.
The key physical reason behind the PL behavior exhibited here is the modulation of surface state recombination activity due to the relative location of the Fermi level in the bandgap. In both TiO 2 -passivated GaAs and bare GaAs, there exists some distribution of surface states in the bandgap. However, the specific energetic distributions and density may vary. Thus, this same overall behavior is expected from both bare and TiO 2 -passivated surfaces. However, there will be differences in the magnitude of the effect, depending on both the distribution and density of surface traps.
Photocatalysis at the semiconductor-liquid interface represents a complex process, which includes band bending, built-in electric fields, surface recombination of photoexcited carriers, and charge transfer to the ions in solution. There are loss mechanisms associated with each of these key components to the overall photoconversion efficiency. This complex process is often oversimplified in order to provide a basic interpretation of the data. The method and results demonstrated here represent an important step towards obtaining a more rigorous understanding the overall "photocatalytic" or photoelectrochemical system, in which these key components can be decoupled experimentally.
In conclusion, we observe a large increase in the photoluminescence intensity under large negative applied potentials due to the electrochemically induced filling of surface states (i.e., surface recombination centers). GaAs, which is known to suffer from severe surface states, shows a 7Â increase in photoluminescence intensity. By modeling the capacitancevoltage (i.e., 1/C 2 -V) data measured over the same range of applied electrochemical potentials, we obtain a detailed picture of the conduction and valence band profiles, as well as the charge density profiles, thus establishing the range of potentials over which the semiconductor undergoes depletion, inversion, and accumulation of free carriers. By calculating the relative surface recombination rates as a function of applied bias, we are able to accurately predict the modulation of the PL intensity that is observed experimentally.
See supplementary material for the details of the calculations of the normalized recombination rate as a function of surface potential under light conditions. The constants used are given in the supplementary material.
